surfactants 29 , i.e., hybrid corynomycolic acids. The behaviors of the monolayers of these surfactants at the air-water interface was also investigated by surface tension and surface pressure-area π-A measurements. Hybrid corynomycolic acids had smaller critical micelle concentrations CMC and surface tensions at the CMC g CMC than those of dialkyl corynomycolic acids due to the fluoroalkyl chain. With respect to the stereochemistry, the anti-isomer had smaller g CMC values than those of the syn-isomer. In the π-A isotherms, the monolayer of the syn-isomer showed a lower collapsing pressure 15 mN m 1 than that of the
anti-isomer.
Corynomycolic acids consist of two hydrophilic heads OH and COOH and two hydrophobic tails one fluorinated chain Rf and one hydrocarbon chain R H on adjacent carbon atoms. Furthermore, they have two stereochemical configurations syn and anti and four kinds of isomers are possible except for their absolute configuration; namely, Rf on the carbon atom of the OH side hereafter, abbreviated as hybrid-OH or on the carbon atom of the COOH side hybrid-COOH and syn-and anti-configurations. In our previous work 29 , a hybrid-OH-type corynomycolic acid was synthesized by crossed Claisen condensation of t-butyl tridecanoate with ethyl perfluorootanoate. To synthesize hybrid-COOH-type corynomycolic acids, the enolate of t-butyl perfluoroalkanoate Rf-CH 2 n -COO-t-Bu must be generated. However, the treatment of t-butyl pentadecafluorononanoate with a strong base such as lithium diisopropylamide LDA quantitatively afforded C 6 F 13 -CF CH-COO-t-Bu due to the intramolecular elimination of HF from the enolate. This article reports the synthesis of both hybrid-OH-and hybrid-COOH-type corynomycolic acids by using the semifluoroalkyl chains Rf-CH 2 n -as a hydrophobic tail instead of introducing perfluoroalkyl chains Rf directly to the carbon atoms with -OH or -COOH groups, as shown in Fig.  1 . In addition, the behaviors of the monolayers formed by the hybrid corynomycolic acids at the air-water interface were investigated using surface tension and surface pressure-area measurements with a particular focus on their stereochemistry.
EXPERIMENTAL PROCEDURES

Materials
Meldrum s acid 2,2-dimethyl-1,3-dioxane-4,6-dione , tridecanoic acid, tetradecanoic acid, 3-butenoic acid, allyl bromide, 5-hexenyl bromide, and 5-hexenol were purchased from Tokyo Chemical Industry Co., Ltd. TCI, Tokyo, Japan . 4-Pentenoic acid, 6-heptenoic acid, and 7-octenoic acid were purchased from Sigma-Aldrich. Nonafluorobutyl iodide C 4 F 9 -I , tridecafluorohexyl iodide C 6 F 13 -I , and tridecafluorononanol were purchased from Daikin Ind., Ltd. Osaka, Japan . All other reagents and solvents were purchased from Wako Pure Chemical Industries. Perfluoropolyether oil Demnum S-20; F-CF 2 CF 2 CF 2 O n -CF 2 CF 3 , average molecular weight 2700 was received from Daikin Ind., Ltd. and used without further purification. Purification of solvents was performed using standard techniques, i.e., N,N-dimethylformamide DMF and CH 2 Cl 2 dried over CaH 2 , EtOH over Mg, and THF over Na/benzophenone, followed by distillation prior to use. Other reagents were used as received. Water was prepared by ultra-filtration of distilled water using an Advantec pure water system RFU-354BA . Infrared spectra were recorded on a Nicolet Avator 370 DTGS FTIR spectrometer, and 1 H NMR and 19 F NMR spectra were recorded on a Bruker AVANCE-III 400 spectrometer using CDCl 3 as the solvent. The mass spectra were taken on a JEOL Mstation JMS-700 mass spectrometer using the fast atom bombardment technique FAB with m-nitro-benzyl alcohol as the matrix.
Synthesis
For a detailed spectral data of synthetic products see the Supporting Information. 2.2.1 Synthesis of hybrid-COOH 1 2.2.1.1 Ethyl 3-oxo-pentadecanoate 3
To a solution of Meldrum s acid 2.85 g, 19.8 mmol in CH 2 Cl 2 15 mL was added dry pyridine 47.5 mmol ; the solution was cooled with an ice bath during addition and then stirred for 10 min. While cooling with an ice bath, tridecanoyl chloride 5.08 g, 21.8 mmol in CH 2 Cl 2 15 mL was added to this solution slowly over 1 h. After stirring for 1 h at 0 and an additional 1 h at room temperature, the reaction mixture was poured onto crushed ice and neutralized with 1 M HCl, extracted with CH 2 Cl 2 , washed with 1 M HCl, dried over Na 2 SO 4 , and concentrated. The residue was dissolved in EtOH 150 mL and refluxed for 2 h. After evaporation of EtOH, the residue was extracted with ether, washed with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica eluting with hexane/AcOEt 5:1 to obtain 3 4.79 g, 16.8 mmol, yield 85 . 2.2.1.2 α-Semifluoroalkyl β-ketoester 5
The following is a typical synthesis of ethyl 2-nonafluorodecyl -3-oxo-pentadecanoate 5b : A sodium ethoxide/ EtOH solution was freshly prepared by adding Na metal 0.12 g, 5.4 mmol to absolute EtOH 15 mL . To this solution was added dropwise to 3 1.36 g, 5.0 mmol in EtOH 5 mL while the solution, cooled by an ice bath, was stirred. After 30 min of stirring at room temperature, nonafluorodecyl bromide 4b 2.07 g, 5.4 mmol in EtOH 5 mL was added slowly. After addition of tetrabutylammonium iodide, the mixture was heated to reflux and refluxed overnight with stirring. The reaction mixture was neutralized with 1 M HCl and concentrated under reduced pressure. The residue was extracted with ether 50 mL , washed with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica eluting with hexane/AcOEt 20:1 to obtain 5b 1.27 g, 2.16 mmol, yield 40 . Similarly, ethyl 2-tridecafluorononyl -3-oxo-pentadecanoate 5a was obtained by using tridecafluorononyl bromide 4a yield 26 . 2.2.1.3 Another route to ethyl 2-nonafluorodecyl -3-oxopentadecanoate 5b To a stirred and ice-bath-cooled solution of fresh sodium ethoxide Na 0.22 g, 8.0 mmol in 15 mL EtOH , 3 1.36 g, 5.0 mmol in EtOH 5 mL was added dropwise. After stirring for 30 min at room temperature, 5-hexenyl bromide 0.94 g, 5.0 mmol in EtOH 5 mL was added slowly. After adding tetrabutylammonium iodide, the mixture was heated to reflux and refluxed overnight with stirring. The reaction mixture was neutralized with 1 M HCl and concentrated under reduced pressure. The residue was extracted with ether 50 mL , washed with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica eluting with hexane/AcOEt 20:1 to obtain 7 0.73 g, 2.0 mmol, yield 40 .
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1 H NMR 400 MHz, CDCl 3 δ 0.90 3H, t, J 6. A mixture of C 4 F 9 I 1.40 g, 4.0 mmol , 7 0.37 g, 1.0 mmol , and AIBN 0.3 g, 1 mmol was introduced into a 30-mL flask and was subjected to vacuum-flushing with argon after freezing with liquid nitrogen. Then, this mixture was heated to 90 and stirred for 5 h. After removing unreacted C 4 F 9 I under reduced pressure, the resulting iodo ester was obtained as a yellow oil. After confirmation of the complete disappearance of H 2 C CHprotons by NMR, the residue iodo β-ketoester was used directly in the reduction reaction with Zn-AcOH Zn 0.5 g, AcOH 0.7 g . Using similar protocols used for the synthesis of C 4 F 9 CH 2 6 OH see Supporting Information , ethyl 2-nonafluorodecyl -3-oxo-pentadecanoate 5b was obtained 0.52 g, yield 40 . 2.2.1.4 α-Semifluoroalkyl β-hydroxyester 6
Reduction of 5 was tested using either NaBH 4 or Zn BH 4 2 as the reducing agent. The following is a typical synthesis of ethyl 2-tridecafluorononyl -3-hydroxy-pentadecanoate 6a .
a NaBH 4 : 5a 1.2 g, 1.9 mmol was dissolved in ethanol 30 mL and cooled in an ice bath. To this solution, NaBH 4 1.5 g, 40 mmol was added in one portion, and the mixture was stirred for 30 min while cooled; then, the solution was stirred for an additional 2 h at room temperature. After neutralization with 1 M HCl, ethanol was removed under vacuum, and the mixture was extracted with ether. The ether layer was washed twice with water, dried over Na 2 SO 4 , and concentrated, affording a mixture of syn-and anti-isomers of 6a at a total yield of 95 . Then, 6a was purified by silica column chromatography by eluting with CH 2 Cl 2 ; consequently, syn-and anti-isomers of 6a were isolated. b Zn BH 4 2 : Fine, anhydrous ZnCl 2 1.0 g, 7.0 mmol was dissolved in ether 10 mL . This ethereal solution was added dropwise to a dispersion of NaBH 4 0.47 g, 12 mmol in ether 30 mL and stirred overnight at room temperature. The supernatant solution was added slowly to an icecooled ethereal solution 10 mL of 5a 0.643 g, 1.0 mmol , and the mixture was stirred for 4 h. Then, the mixture was poured onto ice, neutralized with 1 M HCl, and extracted with ether. The ether layer was washed twice with water, dried over Na 2 SO 4 , concentrated to afford a mixture of syn-and anti-isomers of 6a at total yield 95 , and subjected to silica column chromatography eluting with CH 2 Cl 2 .
Similarly, ethyl 2-nonafluorodecyl -3-hydroxy-pentadecanoate 6b was prepared as a mixture of syn-and anti-isomers and isolated by silica column chromatography eluting with CH 2 Cl 2 .
The following is a typical synthesis of syn-2-tridecafluorononyl -3-hydroxy-pentadecanoic acid syn-1a . A mixture of syn-6a 0.39 g, 0.6 mmol , EtOH 10 mL , water 1 mL , and 1 M aqueous KOH 1.2 mL, 1.2 mmol was heated to reflux for 5 h with stirring. After neutralization with 1 M HCl, EtOH was evaporated. The residue was extracted with ether, washed twice with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica by eluting with hexane/ AcOEt 1:1 , yielding syn-1a 0.32 g, yield 87
. Similarly, from anti-6a, anti-1a was obtained in 80 yield.
Similarly, syn-and anti-2-nonafluorodecyl -3-hydroxypentadecanoic acid syn-1b and anti-1b were prepared by the hydrolysis of syn-6b and anti-6b, respectively. The following is a typical synthesis of t-butyl 2-dodecyl-3-oxo-tridecafluorododecanoate, 12a: In a dry 100-mL flask equipped with a dropping funnel, septum inlet, and magnetic stirrer, a solution of lithium diisopropylamide 6.5 mL, 2.0 M in hexane/THF and dry THF 15 mL were placed under nitrogen atmosphere. While cooling at 78 , tert-butyl tetradecanoate 1.84 g, 6.50 mmol in dry THF 5 mL was added dropwise over 10 min, and then, the mixture was stirred for 30 min. While maintaining the temperature at 78 , ethyl tridecafluorodecanoate 9a, see Supporting Information 2.87 g, 6.50 mmol was slowly added dropwise over 10 min, and the mixture was stirred for 40 min. Then, the reaction mixture was stirred for an additional 1 h at room temperature. The reaction was stopped by adding 1 M HCl 10 mL . After evaporation of THF, the residue was extracted with ether 2 25 mL . The ether layer was washed with sat. NaCl, washed with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica eluting with hexane/diethyl ether 30:1 to obtain 12a in 46 yield.
Similarly, t-butyl 2-dodecyl-3-oxo-nonafluorotridecanoate 12b was prepared in 50 yield.
Reduction to tert-butyl ester of hybrid-OH
The following is a typical synthesis of t-butyl 2-dodecyl-3-hydroxy-tridecafluorododecanoate, 13a: Similar to the synthesis of 6a, reduction of the C O group of 12a to 13a was carried out using NaBH 4 in EtOH or Zn BH 4 2 in ether. As a result, a mixture of syn-and anti-isomers of 13a was obtained with a good total yield of 85-95 .
Tert-butyl 2-dodecyl-3-hydroxy-nonafluorotridecanoate 13b was prepared in a similar manner.
Deprotection of tert-butyl group by CF 3 COOH
The following is a typical synthesis of syn-2-dodecyl-3-hydroxy-tridecafluorododecanoic acid, syn-2a: Following the procedure of Andre et al. 30 , a mixture of syn-13a 0.90 g, 1.1 mmol and trifluoroacetic acid 9 mL was stirred for 1 h at room temperature. After removing trifluoroacetic acid under reduced pressure, the residue was dissolved in ether, washed with water, dried over Na 2 SO 4 , and concentrated. The residue was recrystallized from hexane to afford syn-2a 0.64 g, 1.0 mmol, yield 92 . Anti-2a was obtained quantitatively under similar conditions.
Similarly, syn-and anti-isomers of 2b were obtained by the deprotection of tert-butyl esters 13b using CF 3 COOH. Similar to the procedure described in Section 2.2.2.1, a solution of lithium diisopropylamide 4.73 mmol in dry THF 15 mL was prepared in a dry, 100-mL flask. While being cooled at 78 , tert-butyl tetradecanoate 11c 1.91 g, 4.30 mmol in dry THF 5 mL was added dropwise over 10 min. Then, the mixture was stirred for 30 min. While maintaining the temperature at 78 , ethyl tridecafluo-rodecanoate 9a 1.83 g, 4.30 mmol in dry THF 5 mL was added dropwise over 10 min, and then, the mixture was stirred for 40 min. Following this step, the reaction mixture was stirred for an additional 1 h at room temperature. The reaction was stopped by adding 1 M HCl 10 mL . After evaporation of THF, the residue was extracted with ether 2 25 mL . The ether layer was washed with sat. NaCl, washed with water, dried over Na 2 SO 4 , and concentrated. The residue was subjected to column chromatography on silica by eluting with hexane/diethyl ether 20:1 to obtain 14a 1.80 g in 49 yield. Similarly, t-butyl 2-dodecyl-3-oxo-nonafluorotridecanoate 14b was prepared in 30 yield.
Similar to the procedure described in Section 2.2.1.4, bis semifluoroalkyl -β-ketoester 14 was reduced with either NaBH 4 or Zn BH 4 2 to yield a mixture of syn-and anti-bis semifluoroalkyl -β-hydroxyesters 15 in almost quantitative yield. After isolating the syn-and anti-isomers of 15 by silica column chromatography eluting with CH 2 Cl 2 , each isomer was treated with trifluoroacetic acid to deprotect the tert-butyl groups. After recrystallization from hexane, bis semifluoroalkyl -corynomycolic acids 16 were obtained almost quantitatively without isomerization. 
Measurements
Surface tension measurements were carried out at 25 using a Shimadzu surface tensiometer ST-1 and the Wilhelmy method with a glass plate. Based on back-titration experiments, we determined that all COOH groups of corynomycolic acids 1 and 2 are dissociated at pH values 12 but remain undissociated under acidic conditions pH 3 . Therefore, in the surface tension measurements, samples were prepared as follows: to a precisely weighed sample of corynomycolic acid placed in a measuring 50-mL flask was added an equimolar amount of KOH using an aqueous 0.5 M KOH solution, which was accurately diluted with 0. 01 M KOH solution to the target concentrations, and made up to a final volume of 50 mL and stored at 25 for 12 h before measurement. All sample solutions were checked to have a pH of 12. In the pressure-area measurements, 0.001 M HCl pH 3 was used as the subphase liquid.
Surface pressure-area π-A isotherms were obtained using a KSV Minitrough 2000 kept in a dust shield enclosure. The total trough surface area was 364 75 mm with a trough volume of 170 mL. The trough area was robotically controlled by two hydrophobic barriers that compressed the spread film symmetrically and bilaterally at a rate of 10 mm min 1 7.5 10 4 m 2 min 1 . A roughened platinum Wilhelmy plate was placed in the middle of the trough facing parallel to the moving barriers. Prior to each measurement, the subphase surface was cleaned by aspiration such that the measured surface pressure remained 0.20 mN m 1 over the full compression. Sample solutions 1.0 mmol dm 3 in C 6 H 6 -THF 4:1, v/v were spread onto the subphase of a standard Langmuir PTFE trough filled with a 0.001 M HCl pH 3.0 solution. After preparation, the sample solution 25 µL was deposited onto the subphase in 10 uniformly distributed drops using a gas-tight Hamilton syringe. To ensure complete evaporation of solvent, a minimum of 30 min was allowed prior to starting the isotherm measurements. Surface pressure, π, was recorded during all isotherm measurements. Each measurement was repeated at least three times to check the reproducibility of the isotherms, which in all cases were reproducible with standard deviations for molecular surface area and surface pressure of 0.1 nm 2 and 0.1 mN m 1 , respectively.
Determination of zero-pressure molecular area A 0
In this work, the following method was adapted to determine the zero-pressure molecular area A 0 . Firstly, the compression modulus of the monolayer, E G , on the water surface was evaluated from the π-A isotherm see the next section . The collapsing pressure π c was determined as the pressure of the isotherm at the E G max point. By extrapolating the tangent line of the π-A isotherm at the E G max point to zero pressure, A 0 was determined.
Compression modulus analysis
The Gibbs compression modulus of the monolayer, E G , on the water surface was evaluated from the π-A isotherm by using Eq. 1 31 33 ,
E G max is defined as the maximum value of E G , and the collapse point in this work was defined as the E G max point on the isotherm.
Emulsi cation
Ternary emulsification tests were performed as follows: Under vigorous mixing with Polytron PT2100S 500 W, 10000 rpm, Kinematica AG , an aqueous 0.01 M KOH solution 10 mL was added dropwise to an octane solution 3 mL of anti-2b 5.6 mg over 3 min. Then, with vigorous mixing, perfluoropolyether oil 1 mL was added. The mixing was continued for 3 min, and the variation of the emulsion with time was recorded.
RESULTS AND DISCUSSION
Selection of uorocarbon chain
For the synthesis of the hybrid surfactants, the type of fluorocarbon chain and number of fluorine atoms to be introduced as a hydrophobic group must be known. In surfactants, dodecyl chains C 12 H 25 are often used as the hydrophobic tail; therefore, we used C 12 H 25 as the R H chain. Preferably, the hydrophobicity of the Rf or Rf-CH 2 nchain should be the same as that of the C 12 H 25 chain. As Seimiya 34 has reported, the hydrophobicity of -CF 2 -is 1.5-times greater than that of -CH 2 -; therefore, we expected that C 6 F 13 -CH 2 3 -or C 4 F 9 -CH 2 6 -groups would have the equivalent hydrophobicity to that of C 12 H 25 .
3.2 Synthesis of hybrid corynomycolic acids 3.2.1 Hybrid-β-ketoester 5 As shown in Fig. 2 , two synthetic strategies are available for the formation of α-alkyl-β-ketoesters. In method A, α-alkylation of a β-ketoester is the key step. In contrast, in method B, the crossed Claisen condensation is the key step. An example of method A is given by Fujii et al., who reported the synthesis of corynomycolic acids having symmetric or asymmetric structures of desired alkyl lengths 35 37 , where β-ketoesters were prepared from ethyl acetoacetate and alkanoyl chloride. In this work, following the literature 38 , ethyl 3-oxo-pentadecanoate 3 was prepared from
Meldrum s acid and tridecanoyl chloride using pyridine as the base. For method A, as shown in Fig. 3 , two routes to α-semifluoroalkyl-β-ketoester 5 are possible, depending on the order of introduction of the fluoroalkyl group. For example, C 4 F 9 -CH 2 6 -Br can be initially prepared by fluoroalkylation of 5-hexenol with C 4 F 9 -I, reduction of resulting iodide with Zn/AcOH, and conversion of OH groups to Br; the resulting product can be used for α-alkylation of β-ketoester 3 route-1 . In another route route-2 , 1-bromo-5-hexene was reacted with β-ketoester 3. The resulting α-hexenyl-β-ketoester was fluoroalkylated with C 4 F 9 -I and Hybrid Corynomycolic Acids reduced with Zn/AcOH. As a result, α-nonafluorodecyl-β-ketoester 5b was successfully obtained through both routes 1 and 2 in similar yields. Similarly, α-tridecafluorononyl-β-ketoester 5a was successfully synthesized in 26 yield via route 1 using C 6 F 13 CH 2 CH 2 CH 2 Br. With regard to route 2, the first α-allylation of 3 and subsequent fluoroalkylation of the terminal CH 2 CH-group with C 6 F 13 -I proceeded in good yield; however, the subsequent treatment of the resulting iodide with Zn/AcOH did not afford the expected 5a but, instead, the lactonized compound. Similar lactonization during treatment with Zn/H has been reported by Brace 39 .
I n o u r p r e v i o u s w o r k 2 9 , α -u n d e c y l -β -k e t opentadecafluorodecanoate was directly synthesized by the crossed Claisen condensation of t-butyl tridecanoate with ethyl perfluorootanoate method B . It should be noted that the enolate of t-butyl ester is more stable than those of methyl and ethyl esters, and self-Claisen condensation of t-butyl ester is unlikely to occur because of steric hindrance by the t-butyl group. Similarly, as a precursor of hybrid-OH-type corynomycolic acids, α-dodecyl-β-ketosemifluoroalkanoates 12 were prepared from t-butyl tetradecanoate and ethyl semifluoroalkanoate Rf-CH 2 nCOOEt; Rf C 6 F 13 , n 3 or Rf C 4 F 9 , n 6 by crossed Claisen condensation using lithium diisopropylamide LDA as the base. Although the reaction was slow, the target α-dodecyl-β-keto-semifluoroalkanoates 12 were obtained in 50 yields. In addition, α-dodecyl-β-ketoesters 12 were prepared by the α-alkylation of β-keto-semifluoroalkanoates method A , but overall yields were inferior to those obtained using method B. 3.2.2 Reduction of α-semifluoroalkyl β-ketoesters 5 and 12 In the next step, the reduction of β-ketoesters 5 and 12 to the respective β-hydroxyesters 6 and 13 was examined using two reducing systems. The results are summarized in Table 1 . In our previous work on ethyl 2-undecyl-3-oxotetradecanoate 37 , reduction using NaBH 4 in EtOH gave an equivalent mixture of two diastereomers syn-/anti-hydroxyesters 50:50, as determined by 1 H NMR . In contrast, the reduction of hybrid β-ketoesters 5 and 12 by NaBH 4 resulted in an anti-isomer-rich mixture syn-and anti-hydroxyesters 40:60 , indicating that the fluoroalkyl group is bulkier than the alkyl group. From the viewpoint of the Felkin-Ahn model 40 , fluoroalkyl and dodecyl groups are counted as large and medium groups, respectively; therefore, the ester group would be positioned perpendicular to the plane of carbonyl. In the case of the reduction of 5, as shown in Fig. 4a , the upper conformation predominates, reducing the repulsive eclipsed interactions between the C 12 H 25 group and the bulky and rigid fluoroalkyl group. Then, stereoselective attack of hydride to β-carbonyl would increase the quantity of anti-6, leading to its predominance in the mixture. In the case of 12, the steric situation is similar to that of 5, and anti-13 is obtained as the major component. However, in the case of Zn BH 4 2 , syn-isomers of 6 and 13 are predominant. This reversion in stereoselectivity depending on the reductants can be explained in terms of the coordination of Zn 2 to the β-dicarbonyl structure in the Cram chelate model 41 , as shown in Fig. 4b . However, the syn-stereoselectivity for 5a and 12a Rf C 6 F 13 -CH 2 3 -was not complete in comparison with those of 5b and 12b Rf C 4 F 9 -CH 2 6 -. Notably, the reduction of 5b and 12b using Zn BH 4 2 yielded almost solely syn-isomers, probably because the longer methylene chain of C 4 F 9 -CH 2 6 leads to greater steric repulsion between the semifluoroalkyl and C 12 H 25 groups. 3.2.3 Deprotection of β-hydroxyesters 6 and 13 to hybrid corynomycolic acids 1 and 2 A f t e r i s o l a t i o n o f s y n -a n d a n t i -i s o m e r s o f β-hydroxyesters using column chromatography on silica, the deprotection of β-hydroxy esters was performed by alkaline hydrolysis of ethyl esters 6 or by CF 3 COOH treatment of t-butyl esters 13 . Both deprotection methods proceeded smoothly to afford the corresponding hybrid corynomycolic acids 1 and 2 without any changes in their stereochemistry.
Synthesis of corynomycolic acids having two semifluoroalkyl chains 16
Bis semifluoroalkyl -β-ketoesters 14 were prepared by the α-semifluoroalkylation of β-keto-semifluoroalkanoates method A , but the yields were rather low 10 . Instead, the crossed Claisen condensation of t-butyl semifluoroalkanoate and ethyl semifluoroalkanoate using LDA as the base method B was examined. As expected, the desired bis semifluoroalkyl -β-ketoesters 14 were obtained in moderate yields . After reduction with NaBH 4 or Zn BH 4 2 , syn-and anti-isomers of bis semifluoroalkyl -β-hydroxyesters 15 were isolated using column chromatography on silica, and the deprotection of t-butyl ester by the CF 3 COOH treatment successfully afforded syn-and anti-bis semifluoroalkyl -corynomycolic acids 16.
Hereafter, as shown in Fig. 1 , instead of compound numbers, corynomycolic acid having semifluoroalkyl groups are abbreviated as stereo-FmCn-COOH or -OH, where stereo indicates the diastereomer, namely syn or anti, m is the number of carbon atoms of perfluoroalkyl segment, n is the length of methylene chain of the semifluoroalkyl segment m and n 6, 3 and 4, 6, respectively , and the last suffix, either COOH and OH, is the location of semifluoroalkyl group, i.e., on the COOH side hybrid-COOH or the OH side hybrid-OH . The corresponding dialkyl-type and di-semifluoroalkyl-type corynomycolic acids are abbreviated as stereo-C 12 -Cory and stereo-FmCn-Cory, respectively.
Surface tension measurements
The surface properties critical micelle concentration CMC , effectiveness of surface tension reduction g CMC , efficiency of surface tension reduction pC 20 Fig. 5a . As listed in Table 2 , the surface tensions of hybrid corynomycolic acids were lowered by 17-20 mN m 1 , indicating that the Rf groups effectively reduced surface tension, even for hybrid structures.
In the case of hybrid corynomycolic acids, there are three structural factors that affect the adsorption behavior of surfactant molecules at the air-water interface: the stereochemistry syn-and anti-configurations , Rf positions hybrid-OH and hybrid-COOH , and Rf types F6C3 and F4C6 . Of these, the strongest influence on surface tension-concentration curves was observed for changes in the syn-and anti-configuration. As a typical example, as shown in Fig. 5b, anti-F6C3 28 . Interestingly, all hybrid syn-isomers had two break points in the surface tension-concentration curves regardless of the Rf locations. Corynomycolic acids contain two hydrophilic groups, OH and COOH, which are pH dependent. Considering the following dissociation equilibrium in alkaline solution Eq. 2 , the equilibrium constant K can be estimated from the pK a values of the hydroxyl group of corynomycolate -COO structure and that of H 2 O.
2
Using ACD/Labs V11.02, the pK a value of the OH group of ethyl 3-hydroxy-2-methyl-hexanoate, which was used as a model compound of corynomycolic acid ester, was predicted to be 14.5. Therefore, the pK a value of the OH group of corynomycolate -COO structure was estimated to be 15. Considering the pK a value of H 2 O 15.7 , the equilibrium constant, K, calculated from Eq. 2 , is 10 0.7
1 . This result means that the OH groups of corynomycolic acids, as well as COOH group, are dissociated in the measurement solution 0.01 M aqueous KOH . Therefore, as shown in Fig. 6 , these two break points can be explained in terms of the balance of steric and electrostatic repulsion between two hydrophilic groups, O and COO , and the hydrophobic interactions between two hydrophobic chains, C 12 H 25 and Rf-CH 2 n . At low surfactant concentrations, the two hydrophobic chains of both syn-and anti-isomers stand up, away from the solution, at the air-water interface Fig. 6a . As the concentration increases, the hydrophobic chains align parallel toward an overlapping conformation. At the same time, in the case of syn-isomers Fig. 6b , the two hydrophilic groups O and COO approach closely, causing steric and electrostatic repulsion; this repulsion is not present for anti-isomers. In the case of syn-C12-Cory, the strong intramolecular hydrophobic interactions between the two C 12 H 25 chains reduce repulsion between COO and O ; consequently, a similar surface tension-concentration curve to that of anti-C12-Cory was obtained. However, because the fluoroalkyl groups are rigid, bulky, and oleophobic, the hydrophobic interaction between C 12 H 25 and Rf-CH 2 n is too small to overcome the steric electrostatic repulsion. As a result, two hydrophobic chains are aligned with insufficient overlap, and the gradient of the surface tension curves becomes too low to show plateau-like features in the curve the first break point . On further increasing the amount of the adsorbed surfactant at the air-water interface, even for syn-isomers, the hydrophobic interaction between C 12 H 25 and Rf-CH 2 n adds weight to the monolayer, leading to the two hydrophobic chains changing gradually into an overlapping conformation, causing the second break point. This explanation is also applicable to other syn-isomers to show the two break points in the surface tension-concentration curves.
On comparing the surface tension curves of hybrid-OH and hybrid-COOH, the curves of hybrid surfactants with the same stereochemistry were remarkably similar, which indicates that the steric crowding between C 12 H 25 and Rf- CH 2 n in the adsorbed monolayer does not depend on the Rf locations. In addition, with respect to the effect of the type of Rf group, the CMC and g CMC values of hybrid surfactants with the same Rf location and stereochemistry were almost identical; however, a striking difference was observed for the Γ CMC and A G values. The Γ CMC values of the F4C6 series were significantly larger than those of the F6C3 series, regardless of Rf locations and stereochemistry. This result may be also explained in terms of steric crowding between C 12 H 25 and Rf-CH 2 n in the adsorbed monolayer.
Comparison of surface tension reducing ability of
hybrid-type corynomycolic acid with that of double semi uorolalkyl-type Surface tension measurements were performed on bis semifluoroalkyl -type corynomycolic acids, F6C3-Cory. Unfortunately, syn-F6C3-Cory was poorly soluble in 0.01 M aqueous KOH, even at an elevated temperature 40 ; in contrast, anti-F6C3-Cory was soluble into 0.01 M aqueous KOH. Consequently, the surface tension measurements were performed on the samples of anti-F6C3-Cory at 30 . The result of these measurements are shown in Fig. 7 , together with those of anti-F6C3-OH.
Interestingly, the surface tension behaviors of both anti-F6C3-Cory and anti-F6C3-OH, and also with respect to the CMC, g CMC , and Γ CMC values, were similar; i.e., the CMC and g CMC values were 2. 3.5 Monolayer formation of hybrid corynomycolic acids at the air-water interface The monolayer formation behaviors of hybrid surfactants at the air-water interface were investigated by surface pressure-area π-A isotherm measurements. Following the literature precedent 43 , 0.001 M HCl was used as the subphase pH 3 to suppress the dissociation of acid groups back-titration experiments on hybrid-OH and hybrid-COOH containing C 6 F 13 CH 2 3 showed that all COOH groups remain undissociated at pH 3 . The results of π-A isotherms of corynomycolic acids at 25 are summarized in Fig. 8a for syn-isomers and 8b for anti-isomers, together with those of C12-Cory. Four parameters the lift-off area A L , the molecular occupation area on the isotherm where a monolayer shows detectable resistance to compression , the zero-pressure molecular area A 0 , the limiting area occupied by a molecule on the surface , the maximum of Gibbs elastic modulus E G max , a parameter of state of monolayer , and the collapsing pressure of monolayer π c , which was defined in this work as the pressure of the isotherm at E G max point are summarized in Table 3 .
In the π-A measurements, the isotherms are known to vary sometimes, depending on the amount of the sample, barrier compression speed, and subphase temperature. With respect to the quantity of the sample, no distinguishable changes were observed in the range of 5 10 9 mol to 10 7 mol on the trough 364 75 mm . In addition, changes in the barrier compression speed between 2 mm/min and 40 mm/min did not influence the isotherms of syn-and anti-isomers. Therefore, we used a compression speed of 10 mm/min for all measurements. 3.5.1 Effect of semifluoroalkyls on A L As shown in Fig. 8 , both syn-and anti-hybrid corynomycolic acids had larger lift-off areas A L and zero-pressure molecular areas A 0 than the corresponding dialkyl ones C12-Cory , which can be explained by the two hydrophobic chains on the adjacent carbon atoms having a conformation that places them further apart due to the more bulky, more rigid, and oleophobic Rf groups, as shown in Fig. 9 .
Concerning the influence of the semifluoroalkyl chains, in the case of syn-isomers, the values of π c and E G max of F4C6 were larger than those of F6C3, regardless of the Rf location Table 3 . This result indicates that the hydrophobic interactions between dodecyl groups and methylene chains, stabilizing the formed monolayers, increases with the methylene chain length.
Effect of semifluoroalkyl chain location
The effect of hybrid types, i.e., the location of the semifluoroalkyl chain, was examined by calculating the Gibbs compression modulus of the monolayer films of the synisomers of hybrid-COOH and hybrid-OH. We found that the E G max values of syn-F6C3-COOH and syn-F4C6-COOH were large, about 35 higher than those of the corresponding syn-hybrid-OHs. This result can be explained from the difference of the hydrophilicity of the COOH and OH groups. As is well known, carboxylic acid groups are more hydrophilic than hydroxyl groups. When the monolayer collapses, the OH groups leave the subphase before the COOH groups. Therefore, the Rf group of hybrid-OHs are removed, reducing the steric crowding between rigid Rf and alkyl groups; in contrast, the Rf groups of the hybrid-COOHs remain close to the air-water interface. 3.5.3 Effect of diastereomerism Moreover, syn-and anti-hybrids gave almost the same isotherms until the syn-isomer reached its π c , meaning that the conformations of two hydrophobic chains are not different, regardless of stereochemistry. However, the collapsing pressures π c of anti-hybrids were higher than those of syn-isomers. As shown in Fig. 9 , such a difference can be explained as follows: In the monolayers at the air-water interface, two hydrophilic groups, OH and COOH, are submerged in water. On compression, while two hydrophilic groups of anti-isomer maintain separation, those of synisomer should approach closely, increasing steric crowding; consequently, the monolayers of syn-isomers are destabilized in comparison to the anti-isomers.
Emulsifying Properties
Yoshino et al. found that the sodium salts of 1-oxo-1-4-fluoroalkyl phenyl -2-alkanesulfonic acids can emulsify a ternary-component system composed of hydrocarbon, water, and perfluoropolyether oil 17 ; therefore, we also studied the emulsification of a ternary system comprising octane, water, and perfluoropolyether oil using anti-F4C6-OH.
Firstly, a solution of anti-F4C6-OH in 0.1 M aqueous KOH 1 10 4 mol dm 3 was prepared. A ternary system of octane, water, and perfluoropolyether oil was vigorously mixed using a homogenizer agent-in-water method . The initial emulsion was unstable and separated into three clear phases completely in less than 1 h. Consequently, we used the nascent soap method agent-in-oil method with some modifications. Interestingly, our hybrid corynomycolic acids are mostly soluble in octane but not in perfluoropolyether oil. Therefore, an octane solution of anti-F4C6-OH 0.003 M was prepared, and under vigorous mixing with a homogenizer, 0.1 M aqueous KOH solution was added dropwise to adjust the concentration of anti-F4C6-OH to 1 10 4 M as a potassium salt. Then, to this octane/water binary system, perfluoropolyether oil was added with continuous homogenization, and the results are shown in Fig.  10 .
After the above procedure, an apparently homogeneous emulsion was prepared Fig. 10a . After 1 h of standing time, a slight phase separation of perfluoropolyether oil was observed Fig. 10b , while the octane phase did not separate. After 24 h, all three phases separated. In comparison to the agent-in-water method, both octane and perflu- oropolyether oil phases maintained the emulsion to some degree Fig. 10c . Therefore, the hybrid corynomycolic acids are promising emulsifiers for a ternary system comprising octane, water, and perfluoropolyether oil.
CONCLUSIONS
Two types of hybrid corynomycolic acids consisting of two hydrophilic heads OH and COOH and two hydrophobic tails a semifluoroalkyl group Rf-CH 2 n -: Rf C 4 F 9 , n 6 and Rf C 6 F 13 , n 3 and one dodecyl group were successfully synthesized. They are abbreviated as hybrid-OH and hybrid-COOH, where the semifluoroalkyl group is located on the C-OH or C-COOH carbon atom, respectively. In addition, their stereo isomers syn-and anti-configuration were separated.
The monolayer formation behaviors of hybrid corynomycolic acids at the air-water interface were investigated by surface tension and surface pressure-area π-A measurements to clarify the effects of the Rf chain length, location of the semifluoroalkyl group, and stereochemistry on the surfactant behavior. The results can be summarized as follows.
In comparison to dialkyl corynomycolic acid C12-Cory , hybrid corynomycolic acids had lower CMC and g CMC values due to the introduction of the Rf group. With respect to the g vs. log C isotherms, all syn-isomers of hybrid-OH and hybrid-COOH had two break points, while all anti-isomers had only one break point. This difference can be explained in terms of the steric repulsion between the two hydrophilic groups OH and COO , which depends on the stereochemistry. However, the location of the semifluoroalkyl group had no effect.
Interestingly, the g vs. log C curves of anti-F6C3-OH, anti-F6C3-Cory, and di-semifluoroalkyl corynomycolic acid were very much like and had very similar CMC and g CMC values, which may mean that the amount of perfluorocarbon can be reduced by half while maintaining the surface properties.
Concerning the monolayer film formation behavior, four parameters the lift-off area A L , zero-pressure molecular area A 0 , maximum of Gibbs elastic modulus E G max , and collapsing pressure of monolayer π c were measured. Both A L and A 0 of all hybrid corynomycolic acids were larger than those of the corresponding dialkyl acid due to the bulky and rigid Rf groups. Interestingly, syn-and antihybrids had very similar isotherms on compression until the syn-isomer reached its π c , while the π c values of antihybrids were higher than those of syn-isomers. This result indicates that two hydrophilic groups OH and COOH of the syn-isomers approach closely on compression, the steric crowding between them increases, and the monolayers of syn-isomers become unstable in comparison to those of anti-isomers. In addition, the values of E G max of hybrid-COOH were slightly larger than those of the corresponding hybrid-OH, probably due to the differences in hydrophilicity between the COOH and OH groups.
Interestingly, though not yet optimized, we found, using the nascent soap method agent-in-oil method , that anti-F4C6-OH the hybrid corynomycolic acid is a promising emulsifier for a ternary system comprising octane, water, and perfluoropolyether oil.
We are now developing hybrid surfactants containing more hydrophilic groups, and the results will be reported in the near future.
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